In this study, polypropylene/clay nanocomposites were prepared by melt blending method and their thermal conductivity and the thermal conductivity of polypropylene/multi-wall carbon nanotube (MWCNT) nanocomposites were investigated and modeled. It is found that the thermal conductivity of the PP/Clay and PP/MWCNT nanocomposites is increased with increasing temperature. The thermal conductivity of the nanocomposites is improved due to incorporation of nanoclay and MWCNT compared with pure PP matrix.
Introduction
Traditionally, polymeric materials have been filled with synthetic or natural inorganic compounds in order to improve their properties, or simply to reduce cost. Conventional fillers are materials in the form of particles (e.g. calcium carbonate), fibers (e.g. glass fibers) or plate-shaped particles (e.g. mica). However, although conventionally filled or reinforced polymeric materials are widely used in various fields, it is often reported that the addition of these fillers imparts drawbacks to the resulting materials, such as weight increase, brittleness and opacity. Nanocomposites, on the other hand, are a new class of composites, for which at least one dimension of the dispersed particles is in the nanometer range. Depending on how many dimensions are in the nanometer range, one can distinguish isodimensional nanoparticles when the three dimensions are on the order of nanometers, nanotubes or whiskers when two dimensions are on the nanometer scale and the third is larger, thus forming an elongated structure, and, finally, layered crystals or clays, present in the form of sheets of one to a few nanometers thick and hundreds to thousands nanometers in extent. Among the entire potential nanocomposite precursors, those based on clay and layered silicates have been most widely investigated, probably because the starting clay materials are easily available and because their intercalation chemistry has been studied for a long time.
It is believed that the presence of only a small amount of clay can greatly improve many properties of polymers, if nanodispersion of clay in the matrix is realized. Polymer/clay nanocomposites have been of great interest since the research at the Toyota Company found that polyamide-6-clay nanocomposites gave greatly enhanced mechanical properties, along with a large increase in the heat distortion temperature, at only 5% clay loading. Generally there are five ways to make nanocomposites: Solution method, in situ intercalation polymerization, melt blending, template synthesis and sol-gel, of which melt blending is favored in industry (Jafari nejad et al. [1, 2, 3 and 4] , Ray et al. [5] , Pavlidou et al. [6] , Alexandre et al. [7] , Fischer [8] , Lagaly [9] , Giannelis [10] , Varlot et al. [11] , Liao et al. [12] , Kashiwagi et al. [13] ).
It is expected that incorporation of carbon nanotubes (CNTs) in polymer matrix will improve significantly the thermal properties of such composites because CNTs have excellent thermal properties (Kashiwagi et al. [13] ). Articles on the modeling of thermal conductivity of polypropylene/clay nanocomposites and polypropylene/nanotube nanocomposites are lacking. Therefore, it is worthwhile to investigate and model the thermal conductivity of these nanocomposiites.
In this study, polypropylene/clay nanocomposites were prepared by melt blending method and their thermal conductivity were investigated. The objective of this paper is to investigate, compare and model the thermal conductivity of PP/Clay nanocomposites and PP/multi-wall carbon nanotubes (MWCNTs) nanocomposites (Kashiwagi et al. [13] ). Fig. 1 displays SEM micrographs of PP/Clay nanocomposites. As can be seen, the addition of PP-g-MA into the polymer matrix has improved the dispersibility of clay layers in fields. On the other hand, a homogeneous structure in the presence of compatibilizers was formed. 
Result and discussion

Characterization of nanocomposites by SEM
Thermal conductivity and modeling
Thermal conductivities of the PP sample, the PP/Clay and the PP/MWNT nanocomposite were measured as a function of temperature and percentage of nanoclay and carbon nanotubes. The results are shown in Fig. 3 . We conducted the measurements as follows: (1) the sample was heated to 200 ºC; (2) the sample was then slowly cooled and measurements were conducted at decrements of about 20 ºC down to 160 ºC; (3) the measurement was conducted at a decrement of 5 ºC from 160 to 130 ºC; (4) the measurement was conducted at decrements of about 20 ºC down to 20 ºC; and (5) then the sample was heated to 200 ºC and the measurement was conducted at an increment of about 30-260 ºC. If we conducted the measurement at a decrement of 20 ºC from 200 ºC down to 20 ºC, the data below 160 ºC show a monotonic decrease with a decrease in temperature instead of the results shown in Fig. 2 . This difference appears to be caused by less formation of crystallites in PP due to rapid cooling with a 20 ºC decrement between measurements through the melting regime. Previously published results indicate that thermal conductivity of PP is higher below the melting than above melting due to the formation of crystals (Lobo et al. [14] , Zhang et al. [15] ). We obtained a similar trend with the slow cooling experiment using the 5 ºC decrement between measurements. It is found that the thermal conductivity of the nanocomposites is increased with increasing temperature. The thermal conductivity (κ) (W/mK) varies with temperature according to
for PP, PP/Clay (5 % wt) nanocomposites, PP/Clay (10 % wt) nanocomposite, PP/MWCNT (5 % wt) nanocomposite and PP/MWCNT (10 % wt) nanocomposite, respectively. The thermal conductivity of PP/Clay nanocomposite increases with an increase in the amount of clay and the effects of the formation of crystals can been seen up to 10% of clay by mass. It is found that the thermal conductivity of the nanocomposites is improved due to incorporation of MWCNTs, and this improvement was enhanced with increasing MWCNTs. This finding suggests that the incorporation of MWCNTs in polypropylene is effective for increasing its heat-transporting capability. An early theoretical study (Nan et al. [16] ) in CNT-based composites showed that thermal conductivity of the composite was predicted by a simple equation which was based on the conventional model. Assuming the thermal resistance at the nanotube interfaces is negligible, the thermal conductivity of the nanocomposites, κ is given by (Nan et al. [16] )
where, κ m and κ f are the thermal conductivities of the matrix and the CNT, respectively, V f is the nanotube volume fraction, and θ is the angle between a given direction and a nanotube axis. For well-aligned nanotubes is taken to be 1/3 because the nanotubes randomly dispersed in the matrix. For example at room temperature with κ m = 0.24, k f = 3000 W/mK (Kashiwagi et al. [13] ), and random nanotube orientation, Eq. (1) yields κ =100.24 W/mK for PP/MWCNT (10 % wt) nanocomposite roughly 334 times larger than measured in the present work (Fig. 1) . This discrepancy suggests that the thermal conductivity of the CNT might be much lower than expected, possibly because of scattering of phonons by interactions with the surrounding material (Huxtable et al. [17] ). An alternative or additional implication is that high interface thermal resistance, which consists of contact resistance for the heat flow between the carbon nanotube and interfacial thermal resistance between the CNT and the matrix, limits thermal transport along the percolating network of the CNTs.
It is now known that the interface thermal resistance is the Kapitza resistance, R i . (Nan et al. [18] ) derived a formulation based on an effective medium approach (EMA) as follows:
where L is the length of the nanotube, and Ri is a Kapitza radius and Ri is about 8 × 10 -8 m 2 K -1 W -1 (Huxtable et al. [17] ). The nanotubes used in the present study are 1 μm long. Substituting L = 1 μm in Eq. (2) with random nanotube orientation, it is found that the thermal conductivity of the composites is 0.4479 W/mK for the case of PP/MWCNT (10 % wt) nanocomposites. This value roughly agrees with the experimental measurement (Fig. 1) for composite studied. This agreement indicates that the thermal conductivity of the composites is mainly dominated by the interface thermal transport between the nanotube/matrix or nanotube/nanotube interfaces. Thus, it is believed that the decreased effective thermal conductivity of the studied composites could be due to high interface thermal resistance across the nanotube/matrix or nanotube/nanotube interfaces.
Conclusions
Polypropylene/clay nanocomposites were prepared by melt blending method and their thermal conductivity were investigated. The thermal conductivity of PP/Clay nanocomposites increase with an increase in the amount of clay. It is also found that the thermal conductivity of the PP/Clay and PP/MWCNT nanocomposites is increased with increasing temperature. The thermal conductivity of the nanocomposites is improved due to incorporation of MWCNT compared with pure PP matrix. The improvement in thermal conductivity is enhanced with increasing amounts of MWCNTs. However, it can be inferred that the thermal conductivities cannot be possibly enhanced by one or two orders of magnitude with higher proportions of MWCNTs added to MWCNT/PP nanocomposites because the high resistance at the nanotube/matrix or nanotube/nanotube interfaces limits thermal transport along percolating networks of CNTs.
Experimental
Materials
The materials used in this study were clay, polypropylene and compatibilizer (MA grafted PP). The clay (Southern clay products, Inc, Gonzales, Texas, USA) was cloisite 15A which is a natural montmorillonite modified with a quaternary ammonium salt which is shown in Fig. 4.   Fig. 4 . Structure of the quaternary ammonium salt.
Modifier was 2M2HT (dimethyl,dihydrogenatedtallow , quaternary ammonium , where HT was hydrogenated tallow (65% C18 , 30% C16 , 5% C14 , anion: chloride). In this clay concentration was 125 meq/100gr clay and % moisture is <2% and % weight loss on ignition is 43%. Polypropylene (P10800, MFI=8.5 gr/10 min at 190º C) was acquired from Bandar Imam petrochemical complex (Bandar Imam, Iran); and PP-g-MA (MFI=5 gr/10 min at 230 ºC, MA content=0.5-0.7 wt %) was obtained from the Kimia Javid Sepahan company (Iran).
MWCNTs were made using xylene as a carbon source and ferrocene as a catalyst at about 675 0 C [13] .
Sample preparation
All PP/Clay nanocomposites were prepared using melt blending in a Brabender plasticorder at 70 rpm and 175 ºC for 10 min; the calculated amount of materials (75 and 80 wt % of PP, 15 % of PP-g-MA and 5 and 10 wt % of clay) were put into the Brabender mixer at the same time. After 10 min of blending, the mixture was removed from the chamber and allowed to cool to room temperature. Then, the samples were transferred to a laboratory press and compression molded into 200 mm×200 mm×10 mm plates. The pressing process had five steps: first step was preheating at 155 ºC for 4 min, second step was pressing at 5 bar for 50 sec, third step was pressing at 10 bar for 80 sec, fourth step was pressing at 20 bar for 100 sec and fifth step was pressing at 25 bar for 100 sec (cooling).
PP/MWCNT nanocomposites were prepared by melt blending the MWCNTpolypropylene mixture in a Haake Poly Lab shear mixer (Certain commercial equipment, instruments, materials, services or companies are identified in this paper in order to specify adequately the experimental procedure. This in no way implies endorsement or recommendation by NIST). The mixer temperature was raised to 180 0 C, and polypropylene pellets (Grade 6331, Montell Polyolefins) were added with a mixer rpm of 20. The pellets melted in about 3 min, and the mixer torque approached a constant value in about 5 min. MWCNTs were added at this time and the mixing was continued for 30 min. Carbon black (CB) and PP were compounded by melt processing conducted on a B and P Process Equipment and Systems twin-screw extruder (co-rotating, intermeshing, 25:1 L:D). Operating conditions were 36.7 rad/s (350 rpm) screw speed and 200 ± 3 8C barrel temperature for all zones except the feed (190 ± 3 8C). Carbon back powders (N299 and N762 Sid Richardson Carbon Co.) and resin pellets were gravimetrically fed (2.5 kg/h total discharge rate, 60 s residence time) using Brabender Mass Loss feeders. The powder feeder was set-up to run as a fraction, based on desired carbon black mass fraction, of the pellet feeder discharge rate to accurately maintain the desired composition. All samples were compression molded at 190 0 C under a pressure of 6 metric tons to make 75 mm diameter by 8 mm thick disks (Kashiwagi et al. [13] ).
Characterization
The morphology of the PP/clay nanocomposite sample was examined on fractured specimens by scanning electron microscopy (SEM). The apparatus used was a Philips SEM mod.XL30 and the fracture surfaces were coated with a gold layer by vacuum sputtering. Also, the morphology of the nanotubes in the melt blended sample was evaluated using scanning electron miscroscopy (SEM; Hitachi 3200N) (Kashiwagi et al. [13] ).
Thermal conductivity was measured using a Thermo-flixer (SWO Polymertechnik GmbH) in the temperature range from 20 ºC to about 270 ºC. The measurement technique was based on the line-source method (Kashiwagi et al. [13] ). A bubble-free sample of the polymer melt was obtained, by repeatedly inserting and then compressing small amounts of polymer into a cylindrical sample container (diameter of 0.98 cm with a length of 2.5 cm). The container was located in the center of a welltemperature-controlled oven. A thin probe containing a heater wire and a small thermocouple was inserted on the centerline of the molten sample. A small change in the probe temperature (2-5 ºC) after the start of power output from the probe heater was recorded and thermal conductivity was calculated from this temperature change within the first 10 s. The estimated uncertainty in the measured thermal conductivity was ±10%.
